We have observed anisotropic mosaicity of an m-plane GaN homoepitaxial layer by X-ray diffraction topography imaging over a wafer and X-ray rocking curves measured at various wafer points. Crystal domains were well aligned along the [0001] directions, but showed higher mosaicity along the [1210] direction. Images reconstructed from the full-width at half maximum showed stripe patterns along the [0001] direction.
We have observed anisotropic mosaicity of an m-plane GaN homoepitaxial layer by X-ray diffraction topography imaging over a wafer and X-ray rocking curves measured at various wafer points. Crystal domains were well aligned along the [0001] directions, but showed higher mosaicity along the [1210] direction. Images reconstructed from the full-width at half maximum showed stripe patterns along the [0001] direction.
From the bending-angle images at two different azimuthal angles, we found that GaN (1010) planes were twisted along the [1210] direction, which generated anisotropic features. High resolution X-ray rocking curves revealed the multi-domain structure of GaN (1010) along the [1210] direction. The evaluated bending-angle distribution of 0.030 ± 0.013°mainly originated from the epitaxial layer twisting. We propose two possible mechanisms for this anisotropic feature and the stripe patterns correlated with epitaxial layer twisting.
Introduction
GaN is a wide band-gap semiconductor, which is widely used in blue light emitting diodes (LEDs), 1,2 high power devices having power densities ten times as high as those of GaAsbased FETs (field effect transistors), 3, 4 and high frequency devices with maximum frequencies up to 230 GHz. 5 Although these devices are mainly manufactured from c-plane GaN, this form of GaN has an undesirable polarization field perpendicular to its surface owing to its wurtzite structure and in-plane stress. 6, 7 In the case of LEDs, this polarization field reduces electron-hole recombination efficiency and red-shifts the emitted light. [8] [9] [10] [11] [12] To eliminate these undesirable effects, nonpolar GaN types such as a-plane and m-planes have been emerged as alternatives. However, major obstacles to nonpolar GaN include their high dislocation densities 13 and surface undulation perpendicular to the striation direction. 13, 14 In the case of an m-plane GaN wafer, the polarization field perpendicular to surface direction vanishes; however, undesirable behaviors such as anisotropic X-ray rocking curves emerge. [15] [16] [17] [18] One possible mechanism for this effect is anisotropic thermal expansion with respect to the crystal axes. Previous research 16 has suggested that the stress relaxation can be released by wafer bending combined with anisotropic thermal expansion of the wafer. Another possible cause of this anisotropy is related to basal plane stacking faults. 18, 19 These reports analyzed X-ray diffraction patterns with a modified William-Hall plot to show that the predominant source of rocking curve anisotropy was a basal plane stacking fault. These two models have been suggested to explain the anisotropic X-ray rocking curves; however, the origin of anisotropy remains unclear. Among methods for understanding crystallinity and dislocations in single crystals, Berg-Barrett based X-ray diffraction topography has been widely used for decades. 20, 21 Images obtained at specific Bragg angles provide us with information on defects and dislocations. However, images obtained by this method do not contain Bragg peak profiles, which would provide angular information, for each pixel of the image. To overcome these issues, X-ray rocking curve images have been developed, which provide data on the wafer bending and full width at half maximum (FWHM) over large areas. [22] [23] [24] [25] [26] [27] [28] A recently developed imaging technique for q-vector analysis at two different azimuthal angles shows potential for real industrial applications. 27, 28 With this technique, it is hard to obtain two-dimensional bending information. Moreover, the sample should be thin enough for electron transmission. On the other hand, Raman scattering spectroscopy is sensitive to physical property parameters such as distortion, crystallinity, and carrier concentration. Raman signals, however, are indirect because of superimposed information of such parameters. X-ray diffraction topography is a more direct tool for visualizing the local crystal orientation such as crystal mosaicity. Therefore, a direct and non-destructive characterization method for a large area is in demand.
In this paper, we discuss wafer bending assisted anisotropic mosaicity of m-plane GaN homoepitaxial layer through X-ray rocking curves and X-ray diffraction topography images acquired at two different azimuthal angles. We report the shape of crystal domains based on X-ray diffraction topography and rocking curves to reveal homoepitaxial layer bending, anisotropy mosaicity and stripe patterns. The mosaic and stripe pattern were parallel to [0001] direction different from previous reports. The X-ray diffraction topography measurements were performed at BL20B2, SPring-8, Japan. X rays of 1.2975 Å were selected for with a Si (111) double crystal monochromator. The incident X-ray beam was adjusted to be larger than the length of the sample (15 mm), which ensured that the sample was fully covered. A flat panel sensor (FPS) was mounted almost parallel to the sample surface. The pixel size of the FPS (C7942, Hamamatsu Photonics) was 50 × 50 μm 2 .
Experimental details
The exposure time was set to be 0.5 s, which was long enough to obtain a high signal to noise ratio. To obtain partially diffracted images, we set 2θ to be 27.8°for the GaN 1010 Bragg diffraction at an azimuthal angle of 0°, as illustrated in Fig. 1(a) . By rotating the sample to change the X-ray incident angle in 10 arcsec steps, we recorded partially diffracted images, as shown in Fig. 1(b) . We performed the same procedures at an azimuthal angle of −90°for latticeplane orientation mapping. The X-ray extinction distance, which is the shallowest depth of the 1010 Bragg diffraction for perfect single crystal GaN, was calculated to be 522 nm. This value is much smaller than the homoepitaxial layer thickness, such that the observed diffraction signals derived mainly from the homoepitaxial layer rather than the substrate. We reconstructed the lattice-plane orientation map and FWHM map using 3D matrices composed of partially diffracted images as a function of the incident angle. These data analysis procedures are described elsewhere. 27, 28 Images were evaluated from the maximum intensities, bendingangles denoted to Δθ and FWHM at every pixel of two different azimuthal angles of 0°and −90°. High resolution X-ray diffraction experiments were performed to compare the X-ray diffraction topography images with the X-ray rocking curves to enhance the details of the diffraction peak. X-rays of 1 Å were chosen from a Si (111) double crystal monochromator at BL15XU, SPring-8, Japan. The incident X-ray beam size was adjusted to be 100 × 100 μm 2 . By translating the sample position in 1.5 mm steps to horizontal and vertical directions, we recorded X-ray rocking curves with a high resolution. These measurements were implemented at ϕ = 0°and −90°.
Results and discussion
Reconstructed images from maximum intensities (a and e), bending-angles (b and f), FWHM (c and g), and a histogram of FWHM (d and h) are shown in Fig. 2 . We observed two notable features. One is stripe patterns, which were almost parallel to the [0001] direction of the sample's short edge, as shown in Fig. 2(a) and (e). The other is a different maximum intensity position, which indicates anisotropic domain features of an m-plane GaN. When we plotted the images with Δθ at ϕ = 0°, as shown in Fig. 2(b) , the stripe patterns were almost smeared out but showed a gradual change of angle. The rotation axis of the θ angle was parallel to [1210] direction such that the lower values on the left side of the image indicated convex bending. Notably, the values on the left and right sides were similar more pronounced at the top and bottom of the image. Thus, the twisting of the (1010) plane along the [1210] was more pronounced than bending in the [0001]-direction. The FWHM distribution obtained from Fig. 2(c) was within 0.006 ± 0.001°, as illustrated in Fig. 2(d) .
The positions of the stripes showed relatively large FWHM overlapping with those in Fig. 2(a) . Hence, we posit that the stripe patterned area had a lower crystallinity than other regions. In the case of ϕ = −90°, the image reconstructed from the peak intensity in Fig. 2(e) showed stripe patterns similar to those in Fig. 2(a) . However, the overall intensities over the film were smaller than ϕ = 0°. The lattice-plane orientation map in Fig. 2(f) showed different features compared with the lattice-plane orientation map ϕ = 0°. Here, the rotation axis of θ angle was parallel to [0001] and perpendicular to [1210] . Unlike Fig. 2(b) , stripe patterns with bending-angle modulation and undulation were observed. At this azimuthal angle, we rotated θ with respect to the [0001] axis, such that the bending-angle difference from the top and bottom of the image indicates film bending rather than twisting or torsion. The irregular stripe patterns in this image indicates that stresses were relaxed with the formation of stripe patterns. In previous reports, 16 it has been suggested that the anisotropic thermal expansion coefficient can generate wafer bending that releases stresses. Thus, the epitaxial layer twisting and torsion could generate stripe patterns in the [0001] direction.
However, more suitable model of stress relaxation specialized for homo-epitaxial layer is in demand since there are no models for homo-epitaxial layers. The evaluated FWHM maps under these conditions had values larger than ϕ = 0°. The stripe patterns were more complex than those in Fig. 2(c) and became more pronounced owing to multi-domain features, where the FWHM distribution was 0.008 ± 0.002°, as described in Fig. 2(h) . Fig. 3(a) depicts the x, y-dependent bending distributions over the epitaxial layer by combining Δθ maps at ϕ = 0°and ϕ = −90°. The [0001] directions were mainly inclined in the x-directions. From the wafer edge (x, y) = (0, −7), the quivers inclined to +x-direction then gradually changed to the −x-direction as the y components increased, which also showed a sample twist. A line profile with a smaller sampling ratio is shown in the right side of Fig. 3(a) . The change of the y-components was smaller than that of the x-components whereas the sign of the y-component changed frequently owing to the bending-angle modulation, which is related to Fig. 2 Images reconstructed from partially diffracted images at two different azimuthal angles. Maximum intensity, bending-angle and FWHM at ϕ = 0°and −90°are described in (a and e), (b and f) and (c and g), respectively. Stripe patterns are shown in all figures. Anisotropic bending-angles and FWHM were observed. Histograms of the FWHM map of (c) and (g) are described in (d) and (h), respectively. strain relaxation. These results allowed us to interpret the twisting and modulations of the lattice-planes, which resulted in stripe patterns, as illustrated in the Fig. 3(b) . This is because the doping concentration of Si was 1 × 10 16 cm
that was low enough to transfer the substrate feature. Therefore, bending features exist in the GaN substrate and to the homo-epitaxial layer. A bending-angle distribution function was obtained from Fig. 3 by changing the Cartesian coordinate into spherical coordinates, as shown in Fig. 4 . A normal distribution function was used for this evaluation. The mean value was 0.030°and the half width at half maximum was 0.013°. This mean bending-angle was similar to the distribution of a previously reported 4-inch c-plane wafer, 28 but larger than that of a 2-inch c-plane wafer. 27 Our epitaxial layer is oriented in the m-plane, and we cannot directly compare the obtained distribution function with results for the c-plane; however, we believe that this value can be used to estimate the crystal quality quantitatively. Fig. 5 shows the high-resolution X-ray rocking curves of the m-plane GaN (1010) at various positions for two different azimuthal angles. Although these results are consistent with Fig. 2(f) , the details are limited by the dynamic range of the FPS detector. The X-ray rocking curve results at ϕ = 0°are shown in Fig. 5(a) . The legend indicates the (x, y) coordinates in the wafer, as for previous figures. The figures show narrow and sharp peaks, representative of highquality single domains. The values are in the 12 to 16 arcsec range. When we rotated the sample from ϕ = 0°to −90°, the X-ray rocking curve profiles showed multiple domain structures. These complex structures are related with the bending-angle modulation in the y-direction, as shown in Fig. 3 . The frequent change of sign suggests that the bending direction can remarkably enhance the broadening of the mosaicity.
Stripe patterns in nonpolar GaN surfaces are strongly related with anisotropic diffusion directions. In the case of an m-plane GaN, the diffusion barrier parallel to the [0001] direction for migration of Ga and N adatoms was 0.93 eV. Conversely, the diffusion barrier perpendicular to the [0001] direction was calculated to be 0.21 eV. The corresponding diffusion lengths in the [0001] direction evaluated from the diffusion barrier were only 1.5 and 5.1% at 1000 K and 1400 K, respectively. From these results, we expect that the stripe patterns should be perpendicular to [0001] direction, which is unlike our previous findings. However, our results in Fig. 2  and 3 cannot be explained by previous reports. 30 In the case of the a-plane, the diffusion barrier parallel to the [0001] direction was smaller than that in the perpendicular direction of [0001] . 30 Thus, the stripe patterns should be parallel to
[0001]. Our free-standing m-GaN was cut from a thick c-plane GaN (thicker than 7.5 mm) and then sliced to the m-plane GaN. Because the maximum wafer size of nonpolar GaN depends on the bulk GaN thickness it is hard to produce large nonpolar GaN substrates. Therefore, these stripe patterns parallel to c-direction might be threading dislocations created in the bulk GaN boule. Another possible explanation is film cracking caused by the anisotropic thermal expansion coefficient. 16 Once strain is generated in the film, the film undergoes a plastic deformation to reduce internal strain. Twisting the film along the [1210] direction can relax the strain by generating cracks parallel to [0001] direction. Although the origin of anisotropic behavior is controversial, our findings based on X-ray diffraction topography at two different azimuthal angles will be helpful for improving the overall quality of epitaxial layers. We expect that the anisotropic mosaicity will influence the electrical properties. According to K. H. Baik et al., 31 an a-plane GaN LED on sapphire substrate shows electrical anisotropy and the electrical property is affected by basal plane stacking faults (BSF). The sheet resistance parallel to the c-axis was higher than m-axis explained by carrier scattering of BSF. Although we did not get the electrical properties in the current experiment, we believe that the results will be similar with their results.
Conclusion
In conclusion, we have observed anisotropic mosaicity of a m-plane GaN by X-ray diffraction topography images and X-ray rocking curve analysis. Reconstructed images from the peak intensity showed striped patterns along the [0001] direction. A lattice-plane orientation map calculated from the peak position of the rocking curve images showed that the lattice planes were twisted along the [1210] direction and bendingangle modulation along this direction. The evaluated bending-angle distribution was 0.030 ± 0.013°. X-ray rocking curve profiles at ϕ = 0°showed sharp single domain features with low mosaicity. At ϕ = −90°the X-ray rocking curve profile showed multi-domains with high mosaicity. We propose that threading dislocations in the [0001] direction, formed during bulk GaN growth or anisotropic thermal expansion, could cause of this anisotropic feature. Our new findings will be useful for controlling the growth of high quality m-plane GaN epitaxial layers.
Conflicts of interest
There are no conflicts of interest to declare.
